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Coronavirus spike proteins mediate host-cell-attachment and virus entry. Virus replication takes place 
within the host cell cytosol, whereas assembly and budding occur at the endoplasmic reticulum-Golgi 
intermediate compartment. In this study we demonstrated that the last 39 amino acid stretches of Al- 
phacoronavirus spike cytoplasmic domains of the human coronavirus 229E, NL63, and the porcine 
transmissible gastroenteritis virus TGEV interact with tubulin alpha and beta chains. In addition, a partial 
co-localization of TGEV spike proteins with authentic host cell B-tubulin was observed. Furthermore, 
drug-induced microtubule depolymerization led to changes in spike protein distribution, a reduction in 
the release of infectious virus particles and less amount of spike protein incorporated into virions. These 
data demonstrate that interaction of Alphacoronavirus spike proteins with tubulin supports S protein 


Keywords: 
Coronavirus 
Spike protein 


Microtubule 
Assembly 

Viral infectivity 
Intracellular transport 
Interaction 
Incorporation 

TGEV 


transport and incorporation into virus particles. 


© 2016 Elsevier Inc. All rights reserved. 


1. Introduction 


Coronaviruses (CoVs) are positive single-stranded RNA viruses. 
They infect birds and mammals, especially their respiratory and 
gastrointestinal systems. Due to high mutation and recombination 
rates in coronaviruses frequent host-shifting events from animal- 
to-animal and animal-to-human have occurred (Chinese, 2004; 
Guan et al., 2003; Lau et al., 2005; Woo et al., 2009). Bats were 
identified as a natural reservoir during the severe acute respiratory 
syndrome (SARS) outbreak in China in the year 2002-2003 (Ge 
et al., 2013; Li et al., 2005). Similarly, a strain closely related to 
human CoV 229E was found in bats in Ghana (Corman et al., 2015; 
Pfefferle et al., 2009). Thus, it is speculated that several human and 
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animal CoVs originated from bats (Liu et al., 2015; Shi and Hu, 
2008; Woo et al., 2009). 

The CoV spike (S) glycoprotein, a key determinant for host 
range, is necessary for receptor binding and membrane fusion 
(Graham and Baric, 2010). The S protein contains a large ectodo- 
main, a transmembrane domain, and a C-terminal cytoplasmic tail. 
The cytoplasmic domain consists of a cysteine-rich and a charge- 
rich region and mediates S incorporation into virions resulting in 
infectious virus particles (Bosch et al., 2005; Godeke et al., 2000). 
Some CoVs like the transmissible gastroenteritis virus (TGEV), as 
well as the HCoVs NL63 and 229E contain a tyrosine-based sorting 
signal within their charge-rich region which — in the case of the 
TGEV S protein — was shown to be important for intracellular re- 
tention (Schwegmann-Wessels et al., 2004). 

Free movement of virus particles through the host cell cyto- 
plasm is restricted. The cytosol is highly viscous and contains 
structural barriers like organelles as well as cytoskeletal elements 
(Leopold and Pfister, 2006; Luby-Phelps, 2000; Verkman, 2002). 
Therefore, diffusion of virus-sized particles is very unlikely and the 
arrival at specific cellular regions or compartments is nearly im- 
possible (Sodeik, 2000). Consequently, many viruses use the 
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cytoskeleton network of the host cell as a transport system to 
reach the compartment where replication processes take place or 
to find their way out of the cell (Leopold and Pfister, 2006; Plou- 
bidou and Way, 2001; Radtke et al., 2006). Furthermore, it is 
known that the cytoskeleton plays a crucial role during virus at- 
tachment, internalization, endocytosis, transcription, replication, 
assembly, exocytosis as well as cell-to-cell spread. For this purpose 
viruses rearrange cellular filaments and use them as tracks (Radtke 
et al., 2006). Regarding TGEV, the actin-binding protein filamin A 
is a putative interaction partner of the TGEV S protein (Trincone 
and Schwegmann-Wessels, 2015) and in the case of TGEV-infected 
IPEC-J2 cells actin filaments were shown to be important for viral 
replication and release (Zhao et al., 2014). Additionally, an inter- 
action of TGEV nucleocapsid protein with the type 3 intermediate 
filament vimentin was shown to be required for viral replication as 
well (Zhang et al., 2015). Another major component of the dy- 
namic cytoskeletal matrix is represented by microtubules. Those 
polarized structures are built of «/B-tubulin heterodimers and are 
important for cell shape, transport, motility, and cell division 
(Heald and Nogales, 2002; Nogales, 2000). Several viruses are 
known to interact with tubulin or their molecular motors like ki- 
nesin or dynein (Biswas and Das Sarma, 2014; Han et al., 2012; 
Hara et al., 2009; Henry Sum, 2015; Hsieh et al., 2010; Hyde et al., 
2012). CoVs like a demyelinating strain of mouse hepatitis virus 
(MHV) use microtubules for neuronal spread and the feline in- 
fectious peritonitis virus (FIPV) is transported via microtubules 
towards the microtubule organizing center (Biswas and Das Sar- 
ma, 2014; Dewerchin et al., 2014). For TGEV an up-regulation of 
microtubule-associated a- and B-tubulin was detected in swine 
testis (ST) cells after infection (Zhang et al., 2013). In the study 
presented here, we analyzed the interaction of tubulin with the 
last 39 amino acid stretches of the S protein cytoplasmic tail of 
Alphacoronaviruses like TGEV, HCoV NL63, and HCoV 229E. Our 
results show that tubulins interact with the cytoplasmic domain of 
a-CoVs spike proteins. Reduced release of infectious virus particles 
as well as differentially distributed S proteins was observed after 
drug-induced tubulin depolymerization. Therefore, tubulin may 
help the S protein to be properly transported, localized, and as- 
sembled into virions. 


2. Material and methods 
2.1. Cell lines and virus strains 


Human embryonic kidney cells (HEK-293) were used for co- 
immunoprecipitation via GFP Trap® pull down assay and ST cells 
were used for immunofluorescence analysis and plaque assay. 
Both cell lines were grown in Dulbecco's modified Eagle medium 
(DMEM) supplemented with 10% fetal calf serum. Hypsignathus 
monstrosus kidney cells (HypNi/1.1) (Kuhl et al., 2011) and Pipis- 
trellus pipistrellus kidney cells (PipNi/1) (Muller et al., 2012) 
(provided by Marcel Miiller) were used for immunofluorescence 
analysis and were grown in DMEM supplemented with 5% fetal 
calf serum. 

The Purdue strain of TGEV (PUR46-MAD, provided by L. En- 
juanes) was propagated in ST cells. After 24h of incubation at 
37 °C the supernatants were harvested, centrifuged and after ad- 
dition of 1% fetal calf serum stored at — 80 °C. 


2.2. Plasmids 


Fusion proteins of the last 39 amino acid (aa) stretches of 
TGEV-S, SARS-CoV-S, HCoV-NL63-S, and HCoV-229E-S cyto- 
plasmic domains with GFP were constructed (S-39aa-GFP-CT and 
S-39aa-GFP-NT) by using Invitrogen/Life Technologies Gateway 


Table 1 
Last 39 amino acid stretches of coronavirus cytoplasmic domains linked to GFP. 


TGEV CCCSTGCCGCIGCLGSCCHISCSRRQFENYEPIEKVHVH 
HCoV NL63 CLSTGCCGCCNCLTSSMRGCCDCGSTKLPYYEFEKVHVQ_ 
HCoV 229E LCCCSTGCCGFFSCFASSIRGCCESTKLPYYDVEKIHIQ 
SARS-CoV CCMTSCCSCLKGACSCGSCCKFDEDDSEPVLKGVKLHYT 


Transmissible gastroenteritis virus (TGEV), human coronavirus (HCoV), severe 
acute respiratory syndrome coronavirus (SARS-CoV). 


cloning (Table 1). 

Full length TGEV S wildtype was fused to GFP named TGEV 
Swt-GFP. The full length mutant of TGEV S where the tyrosine at 
position 1440 is exchanged by an alanine fused to GFP is named 
TGEV S Y/A-GFP. Tubulins C-terminally tagged with an HA 
(YPYDVPDYA) peptide (TUBB2-HA, TUBB4A-HA, TUBB6-HA, TU- 
BA4A-HA) were used for co-immunoprecipitation. As compart- 
ment markers a GFP-tagged ERGIC-53 and galactosyltransferase 
were used (Winter et al., 2008). Full length TGEV M cDNA was 
transfected for co-localization studies. Full length TGEV nucleo- 
capsid (N) cDNA and empty GFP plasmid served as negative 
control. 


2.3. GFP Trap® pull down assay and SDS-PAGE 


To determine interaction partners of the S protein cytoplasmic 
domain, HEK-293 cells were seeded on 10cm dishes and trans- 
fected with empty GFP vector or with S-39aa-GFP-CT/NT fusion 
protein one day later by using Lipofectamine” 2000 (Life Tech- 
nologies) following the manufacturer's instructions. 

For co-immunoprecipitation, the cells were additionally co- 
transfected with the tubulin candidates tagged with the HA-pep- 
tide by using Polyethylenimine (PEI 1 pg/jl, Polysciences). DNA 
(24 ug) was mixed with 3 ml Opti-MEM (Life Technologies) and 
incubated for 5 min. Following this, 20 pl of PEI was added and 
incubated for 15 min. Then this mixture was added dropwise to 
the cells and incubated overnight. 

HEK-293 cells were lysed in NP-40 lysis buffer in the presence 
of complete™ (protease inhibitor cocktail, Roche Diagnostics, 
Mannheim) for 30min on ice followed by centrifugation for 
10 min at 20,000g and 4 °C. ChromoTek GFP-Trap® which consists 
of agarose beads coated with antibodies derived from alpaca 
against GFP was used for both, the general screening method as 
well as specific interaction studies between tubulins and S pro- 
teins. The purification was done as described in the manufacturer's 
protocol. For the interaction experiments, the NaCl concentration 
of the washing buffer was increased from 150 mM to 300 mM to 
avoid unspecific pull down of tubulins. Instead of 100 pl 2 x SDS 
sample buffer 25 pl 5 x SDS sample buffer was used. Cell lysates 
and eluates were subjected to SDS-PAGE. By a semi-dry technique 
(Kyhse-Andersen, 1984) the proteins in the gel were transferred to 
nitrocellulose membranes (GE Healthcare) which were subse- 
quently blocked in 5% milk powder in TBS for one hour and then 
incubated with the first antibody overnight at 4 °C (rat-anti-HA 
antibody 1:300 provided by E. Kremmer; rat-anti-GFP antibody 
1:1000, Chromotek). The next day, the membrane was washed 
3 times with TBS-T for 10 min and treated with the secondary 
antibody (HRP-conjugated donkey-anti-rat antibody 1:10,000, 
Sigma-Aldrich) for 1-2 h. Afterwards, the membrane was washed 
3 times in TBS-T for 10 min and once in TBS for 5 min. The blot was 
exposed to Millipore Immobilon™ Western Chemiluminescent 
HRP substrate (Fischer Scientific) and visualized in a GelDoc doc- 
umentation system. Regarding the general screening for interac- 
tion partners of the S protein, the SDS gel was fixed and then 
stained with Coomassie solution. After destaining of the gel, visible 
bands were cut out, digested, and analyzed by mass spectrometry. 
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2.4. In gel digestion and mass spectrometry 


The excised gel pieces were equilibrated with 25 mM NH,HCO3 
and subsequently incubated for 16h with trypsin (25 ng/ul) as 
described previously (Thyrock et al., 2013). The resulting proteo- 
lytic peptides were extracted by sequential agitation with 200 ul of 
25 mM NH4HCOs, 50% acetonitrile (ACN)/0.1% trifluoroacetic acid 
(TFA), 80% ACN/0.1% TFA, and neat ACN. The supernatants were 
combined and dried in vacuo. Desalting was performed by use of 
ZipTip C18-tips as per description (Thyrock et al., 2013). 

Analysis of purified peptides was performed by use of Synapt 
GS2 instrument (Waters, Manchester, UK) equipped with a Z-spray 
source in the positive ion sensitivity mode. Source parameters 
were: source temperature: 80°C, capillary voltage: 0.8 kV, sam- 
pling cone voltage: 20 V, and source offset voltage: 50 V. Peptide 
sequences were deduced from fragment ion spectra derived from 
nanoESI ion mobility spectrometry (IMS) low energy CID experi- 
ments (Thyrock et al., 2013). 


2.5. Immunofluorescence 


ST cells used for immunofluorescence were transfected with 
TGEV Swt-GFP, TGEV S Y/A-GFP or with the S-39aa-GFP-CT fusion 
protein of TGEV, NL63, 229E or SARS-CoV by the help of ICA- 
fectin™ 441 (Eurogentec) following the manufacturer's instruc- 
tions (with 0.75 yl ICAfectin™ 441 per well) or alternatively using 
Lipofectamine™ 2000 (Life Technologies). 

HypNi/1.1 and PipNi/1 cells were seeded on 24-well plates and 
transfected with TGEV Swt-GFP or S-39aa-GFP-CT of TGEV and 
SARS-CoV using Lipofectamine® 2000 (Life Technologies) follow- 
ing the manufacturer's instructions. Cells expressing GFP alone or 
the TGEV nucleocapsid (N) protein served as negative control. 
Three hours post transfection (hpt) the cells were mock-treated 
with 0.2% dimethylsulfoxide (DMSO) or with 10 g/ml Nocodazole 
(NOC, 5 mg diluted in 1 ml DMSO) for 3h, following medium 
change. One hour later, i.e. 7 hpt, the cells were fixed with 3% 
paraformaldehyde (PFA) in PBS. Cells were permeabilized with 
0.2% Triton/PBS for 5 min. To detect the authentic tubulin a 
monoclonal Cy3 conjugated anti-B-tubulin antibody produced in 
mice (1:500, Sigma-Aldrich) was used. 

ST, HypNi/1.1, and PipNi/1 cells were infected by TGEV (MOI of 
1.5) for 1h at 37°C. In the case of HypNi/1.1 and PipNi/1 cells, 
transfection with cDNA encoding the cellular receptor for TGEV, 
porcine aminopeptidase N (pAPN), was performed one day prior to 
infection. One hour post infection, the cells were mock-treated 
with 0.2% DMSO or with 10 ng/ml NOC for 3 h followed by med- 
ium change. Seven hours post infection (hpi) the cells were fixed 
with 3% PFA and permeabilized. TGEV S protein was detected with 
monoclonal antibody 6 A.C3 (1:200, provided by L. Enjuanes). As 
secondary antibody Alexa Fluor® 568 or Alexa Fluor’ 488 anti- 
mouse (1:1000, Life Technologies) was used. Nuclei were stained 
with DAPI. ST cells expressing the compartment markers were 
transfected with the specific cDNAs one day before infection. TGEV 
M protein encoding cDNA was transfected and detected 22 hpt 
with monoclonal antibody 9D.B4 (1:200, provided by L. Enjuanes). 
As secondary antibody Cy3-conjugated anti-mouse (1:1000, Sigma 
Aldrich) was used. Immunofluorescence analyses were done by 
confocal microscopy using Leica TCS SP5. 


2.6. Plaque assay 


ST, HypNi/1.1, and PipNi/1 cells were seeded on 6-well plates 
and the chiropteran cells were transfected with cDNA encoding for 
pAPN one day post seeding. Cells were infected by TGEV (MOI 1.5) 
one day after transfection. After incubation for 1h at 37 °C, cells 
were washed tree times with medium and then cultured with 


DMEM plus 3% fetal calf serum at 37°C. Supernatants (100 ul) 
were collected at time point 0 and 24 hpi. Additionally, the cells 
were either treated with 0.2% DMSO or incubated with 10 pg/ml 
NOC at different time points (1 h before infection, during infection, 
directly after infection). Regarding HypNi/1.1 and PipNi/1 cells, 
NOC treatment was only done after infection. ST cells were seeded 
on 96-well plates and inoculated with 40 pl of the collected su- 
pernatants for 1-2 h at 37 °C. Afterwards, inoculum was discarded 
and cells were treated with methylcellulose overnight. The next 
day cells were fixed with 3% PFA and treated with antibodies 
against viral proteins (same as for IFA). By using the Nikon Eclipse 
Ti microscope plaque forming units were counted for each time 
point. 


2.7. Virus particle assay 


ST cells were seeded on 100 mm cell culture dishes. One day 
later cells were infected by TGEV (MOI 0.1 for 1 h at 37 °C). After 
washing, the cells were mock-treated with 0.2% dimethyl sulfoxide 
(DMSO) or treated with 10 or 50 pg/ml Nocodazole to depoly- 
merize the microtubuli. Cell culture supernatant was _ ultra- 
centrifuged 24 hpi at 200,000g in a SW 41 rotor (Beckman Coulter) 
for 1h at 4°C. The virus particle pellet was solubilized in 50 pl 
2 x SDS sample puffer (non-reducing conditions, no heating) and 
subjected to SDS-PAGE. In parallel, ST cells were lysed in NP-40 
lysis puffer in the presence of cOmplete™ (protease inhibitor 
cocktail, Roche Diagnostics, Mannheim) and subjected to SDS- 
PAGE as well (non-reducing conditions). Separated proteins were 
transferred to nitrocellulose membranes (GE Healthcare) which 
were subsequently blocked with 1% blocking reagent (Roche) in 
blocking buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5) over- 
night at 4 °C. After washing the membrane 3 times with phosphate 
buffered saline +0.1% Tween (PBS+T) and once with PBS the ni- 
trocellulose membrane was treated with the antibody against the 
TGEV S protein (mAb 6 A.C3, 1:200), the TGEV M protein (mAb 9D. 
B4, 1:200) or the TGEV N protein (mAb FIPV3-70, 1:1000, Thermo 
Scientific) for 1h at 4°C. After washing, the membranes were 
treated with anti-mouse peroxidase-conjugated antibody (Dako; 
1:1000) for 1h at 4°C. Chemiluminescent peroxidase substrate 
(Thermo Scientific) and the Chemi Doc system (Biorad) were used 
for chemiluminescence signal detection. 


3. Results 


Potential interaction partners of the cytoplasmic domain of 
TGEV-S were identified using a screening method involving a GFP 
Trap pull down assay followed by SDS-PAGE and Coomassie 
staining. In addition to the GFP fusion protein three clear bands 
were visible. These detected bands were identified by mass spec- 
trometry. The first band at around 70 kDa contained fragments 
that matched to heat shock 70 kDa protein 1A and 8. Fragments of 
the second band at around 55 kDa referred to the pro-alpha chain 
of collagen type I, although this size did not fit to the expected one 
for COL1A1. A band at around 50 kDa matched to the group of 
tubulin beta chains (TUBB1, TUBB2A, TUBB2B, TUBB3, TUBB4A, 
TUBB4B, TUBB5, TUBB6 and TUBB8). As representatives of tubulin 
beta chains the three genes TUBB2A, TUBB4A, and TUBB6 were 
chosen for further analysis. For comparison one gene encoding a 
tubulin alpha chain, TUBA4A, was enclosed in the study. The ORF's 
of the chosen genes were cloned and tagged with HA. 


3.1. Co-immunoprecipitation of tubulins with the TGEV S protein 
cytoplasmic domain 


To validate the interaction of the 39 amino acid stretch of the 
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Fig. 1. Co-immunoprecipitation of alphacoronavirus S fusion proteins and different tubulins via GFP-Trap". S constructs were fused to GFP and precipitated by the help of 
anti-GFP-coated beads and detected by anti-GFP antibodies (lower panels, at around 30 kDa). Tubulins were tagged with HA peptide and detected by anti-HA antibodies in 
the cell lysates and the precipitated eluates (upper panels, at around 55 kDa). Co-immunoprecipitation with TGEV-S-GFP-NT (TGEV-S) fusion protein (a); co-im- 
munoprecipitation with human coronavirus NL63-S-GFP-NT (NL63-S) or 229E-S-GFP-NT (229E-S) fusion protein (b). 


TGEV S protein cytoplasmic domain with the different tubulin 
chain proteins a co-immunoprecipitation experiment was per- 
formed (Fig. 1a). After co-transfection of HA-tagged tubulins and 
TGEV-S-39aa-GFP-NT purification was done via GFP Trap® pull 
down assay. As negative control, cells co-expressing tubulin can- 
didates and the empty GFP vector were used. All four tubulin-HA 
proteins were detected in the lysates at similar quantity at the 
expected sizes of 50-55 kDa. Considering the eluates, strong sig- 
nals for tubulin-HA were detected in cases of the co-expression of 
TGEV-S-39aa-GFP-NT and tubulins. In the negative control weak 


bands of unspecific binding were visible. Similar protein quantities 
of HA-tagged tubulins in the cell lysates as well as similar quan- 
tities of GFP in the eluates at 25-30 kDa strengthen the specific 
interaction between TGEV-S and tubulin. 


3.2. Co-immunoprecipitation of tubulins with corresponding parts of 
the human CoV-229E and CoV-NL63 S protein cytoplasmic domains 


Similar to TGEV-S-39aa-GFP-NT, the 39aa stretches of HCoV- 
229E-S and HCoV-NL63-S cytoplasmic tail were fused to GFP. 
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TGEV Swt-GFP 


Fig. 2. Co-localization study of TGEV Swt proteins and authentic p-tubulin. ST cells transfected with TGEV-Swt full length fused to GFP, white arrows point at TGEV Swt-GFP 
proteins; Expression of authentic p-tubulin (red), TGEV-Swt (green). The figure shows three representative image sections out of one experiment. Immunofluorescence 


analysis was done by confocal microscopy using Leica TCS SP5. 


Afterwards, cells were co-transfected with the GFP fusion con- 
structs and the HA-tagged tubulins followed by GFP Trap® pull 
down assay, SDS-PAGE, and Western blot (Fig. 1b). TUBB2A was 
purified by these methods and clearly confirmed as interaction 
partner. TUBB6, TUBB4A, and TUBA4A were co-precipitated in cells 
co-transfected with 229E S-39aa-GFP-NT but not with NL63 
S-39aa-GFP-NT. Here, the band for TUBB6-HA, TUBB4A, and TU- 
BA4A in the NL63 S-39aa-GFP-NT eluate was as weak as for the 
negative control. 


3.3. The TGEV Swt full length protein partly co-localizes with au- 
thentic cellular P-tubulins 


As the interaction of the TGEV S cytoplasmic tail with tubulins 
was confirmed by co-immunoprecipitation, confocal microscopy 
was done to localize TGEV Swt full length protein and host cell B- 
tubulin (Fig. 2). ST cells expressing the TGEV Swt-GFP were fixed 
and incubated with an antibody against the authentic B-tubulins. 
A partial co-localization of the TGEV Swt-GFP protein with B-tu- 
bulin was observed (Fig. 2, white arrows). 


3.4, Spike proteins are differentially distributed after treatment with 
Nocodazole 


As a next step, a filament depolymerizing drug named Noco- 
dazole (NOC) was used for functional analysis of the S-tubulin- 
interaction. ST cells were transfected either with full length TGEV 
Swt or TGEV S Y/A mutant both fused to GFP or with the last 39aa 
stretches of the S cytoplasmic domain of TGEV, SARS-CoV, 229E or 
NL63 fused to GFP as well. As negative control cells were trans- 
fected with the full length TGEV N or the empty GFP plasmid. The 
TGEV S Y/A mutant abolishes the retention signal due to mutation 
of tyrosine into an alanine. This leads to surface expression in 
single transfected cells while TGEV Swt protein is intracellularly 
retained (Schwegmann-Wessels et al., 2004). By using the mutant 
S Y/A protein the importance of the tyrosine-based motif within 
the cytoplasmic domain of the Alphacoronavirus S proteins of in- 
terest was examined. Additionally, a representative of the genus 
Betacoronavirus (SARS-CoV S), which contains no tyrosine motif 
was included. Cells were mock-treated or treated with NOC at 
3 hpt. To analyze CoV S protein localization during early assembly 
events, cells were fixed 7 hpt (Risco et al., 1998; Vogels et al., 
2011). Next, authentic B-tubulins were stained by using specific 
antibodies (Fig. 3a). Cells treated with DMSO showed typically 
long and filamentous tubulin structures. In NOC treated cells no 
characteristic filamentous structures of B-tubulin were detected. 


Here, B-tubulins looked like patches or a camouflage net but not 
like filaments anymore. Differences in the S protein expression 
pattern could be observed as well. In DMSO treated cells the S 
protein accumulated near the nucleus and was less distributed in 
the cytosol. In contrast, the S protein expression in NOC treated 
cells was scattered throughout the cytoplasm and looked like ve- 
sicles. This phenomenon of differentially distributed S proteins 
due to NOC treatment was observed for all tested S constructs as 
well as for the different NOC concentrations of 10 g/ml and 50 pg/ 
ml. Although, the S cytoplasmic tail fusion protein of TGEV, SARS- 
CoV and NL63 showed additional GFP expression within the nu- 
cleus, the accumulation of S itself was clearly visible as well as the 
altered localization of the proteins after NOC treatment. Cells ex- 
pressing GFP alone or the TGEV N protein showed no differences 
in their expression pattern in DMSO and NOC treated cells 
(Fig. 3d). Thus, irrespective of the presence or absence of a hy- 
drophobic membrane anchor sequence or of a tyrosine-based 
signal the proteins associated with B-tubulins. The charge-rich 
region present in all tested coronavirus S proteins may be im- 
portant for this interaction. The equal distribution of single GFP as 
well as TGEV N protein used as control proteins demonstrates that 
proteins missing a charge-rich region do not interact with tubulin. 

The chiropteran cells HypNi/1.1 and PipNi/1 were also trans- 
fected with full length TGEV Swt or with the 39 amino acid 
stretches of TGEV and SARS-CoV S cytoplasmic tail fused to GFP 
and treated with DMSO or NOC (Fig. 3b, c). Similar results as for 
the ST cells were observed. Without NOC, S protein was more 
accumulated near the nucleus whereas in drug-treated cells the S 
was more dispersed within the cytoplasm. In the chiropteran cell 
lines a NOC concentration of 50 g/ml resulted in a cytotoxic ef- 
fect. A NOC concentration of 10 pg/ml was chosen to compare the 
effect of tubulin depolymerization on chiropteran and ST cells, 
respectively. 


3.5. Differential distribution of TGEV proteins, ERGIC and Golgi 
compartments after NOC treatment in cultured cells 


ST, HypNi/1.1, and PipNi/1 cells were infected with TGEV 
(Fig. 4a). After fixation, cells were treated with antibodies against 
the viral protein S. By immunofluorescence analysis 7 hpi S ex- 
pression patterns could be observed similar to the S-transfected 
cells. In infected, non-treated cells, S accumulated stronger near 
the nucleus as compared to S-transfected cells. The S protein was 
detected in vesicle-like structures which are distributed all over 
the cytosol when incubated with NOC. 

ST cells, first transfected with markers for the ERGIC or Golgi 
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Fig. 3. S protein expression in untreated and NOC treated cells 7 hpt. ST cells transfected with different S constructs fused to GFP (a); S-expressing HypNi/1.1 cells (b); 
S-expressing PipNi/1 cells (c); GFP- and TGEV N-expressing ST cells as negative control (d); Expression of authentic p-tubulin (red), S proteins or single GFP and TGEV N 
protein (green), nuclei stained with DAPI (blue). Cells treated with DMSO (—NOC) or treated with NOC (+NOC). Immunofluorescence analysis was done by confocal 
microscopy using Leica TCS SP5. 
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Fig. 3. (continued) 
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Fig. 4. TGEV expression in untreated and NOC treated cells. ST, HypNi/1.1, and PipNi/1 cells were mock-infected or infected by TGEV; S protein was stained in green, 7 hpi (a). 
ST cells transfected with compartment markers for ERGIC or Golgi compartment (green) were infected by TGEV; TGEV S protein stained in red, 7 hpi (b). ST cells co- 
transfected with compartment markers for ERGIC or Golgi (green) and with cDNA encoding for the TGEV M protein (red) or with TGEV Swt-GFP (green) and with cDNA 
encoding for the TGEV M protein (red), 22 hpt (c). Cells treated with DMSO (—NOC), cells treated with NOC (+NOC), nuclei stained with DAPI (blue). Immunofluorescence 


analysis was performed by confocal microscopy using Leica TCS SP5. 


compartment, were infected by TGEV and treated with DMSO 
(mock) or NOC ( b). In mock-treated cells S accumulated near 
the ERGIC and Golgi compartment 7 hpi. Assembly of CoVs occurs at 
the ERGIC at around 7 hpi. A partial co-localization of S protein with 
the compartment markers could be observed. In drug-treated cells 
the S proteins as well as the ERGIC and the Golgi compartment 
were scattered throughout the cytoplasm. They were still expressed 
close to each other and partially co-localized. In addition to the 
effect on the distribution of the TGEV S protein, NOC had an effect 
on the cellular organelles themselves. 

The effect of NOC treatment on TGEV M protein distribution 
was analyzed in combination with ERGIC, Golgi, and TGEV Swt- 


GFP localization 22 h after transfection of the cDNAs. As for the 
TGEV S protein the M protein was scattered throughout the cy- 
toplasm when the cells were incubated with NOC ( c). TGEV M 
showed a partial co-localization with ERGIC and Golgi compart- 
ment and a complete co-localization when co-transfected with 
TGEV Swt-GFP. Under NOC treatment the part of co-localized TGEV 
M protein decreased in all co-expression studies (ERGIC, Golgi, 
TGEV S protein). The reduced co-localization of TGEV S and M 
protein after depolymerization of tubulins was most prominent 
and indicated that the mechanism of direct or indirect dependence 
on tubulin differs between the TGEV S and M protein. 
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Fig. 4. (continued) 


3.6. Release of infectious virus particles is reduced in NOC treated ST 
cells 


ST cells were infected by TGEV and treated with NOC or DMSO at 
different time points (1 h before infection, during infection or directly 
after infection). Supernatants were collected (0, 24 hpi) and used for 
virus quantification on ST cells via plaque assay ( a). Infected ST 
cells which were not treated with the drug showed a viral titer of 
about 2 x 10’ pfu/ml 24 hpi. In contrast, for cells treated with NOC at 
various time points a titer of about 3 x 10° to 9 x 10° pfu/ml 24 hpi 
was measured. A highly significant difference (P < 0.001) in the virus 
titer of treated versus untreated cells was calculated. 

Regarding infected HypNi/1.1 cells a six-fold reduced amount of 
released infectious virus particles was measured after NOC treat- 
ment (~8 x 10* pfu/ml) compared to untreated (~5 x 10° pfu/ml) 
cells ( b). PipNi/1 cells infected by TGEV showed a viral titer of 
about 3 x 10? pfu/ml, while for infected and NOC treated cells a titer 
of about 2 x 10! pfu/ml was measured ( c). The amount of bat 
cells expressing pAPN-GFP at their cell surface was measured by 
flow cytometry using a monoclonal pAPN antibody (provided by H. 
Laude). The percentage of pAPN-positive cells for HypNi/1.1 was 
about 17.1% and for PipNi/1 about 5.6% (mean of 5 experiments). 


3.7. Less S protein is incorporated into virions after NOC treatment of 
infected ST cells 


ST cells infected with TGEV were treated with DMSO or NOC. 


After cell lysis as well as virus particle concentration by ultra- 
centrifugation the incorporation of S into virions was examined by 
SDS-PAGE followed by Western blot ( ). Mock-infected cells 
served as negative control. In infected ST cells, not treated with 
NOC, S protein was detected in virus particles after ultra- 
centrifugation. In cells treated with NOC (10 as well as 50 g/ml) a 
very weak or nearly no signal was observed for the S protein in- 
corporated into viral particles. The signal for TGEV S, M and N 
proteins were similar in the corresponding cell lysates and com- 
parable amounts of M and N protein were detectable in con- 
centrated virions irrespective of a Nocodazole treatment (10 as 
well as 50 g/ml). This indicates a reduced S incorporation into 
virus particles due to depolymerization of tubulins by NOC treat- 
ment of infected ST cells. 


4. Discussion 


Viruses rely on the host cell machinery for successful replica- 
tion ( : : : 

). Nevertheless, more detailed knowledge on virus-host in- 
teraction would lead to therapeutic tools for infection control. 
CoVs use the host secretory pathway during their replication cycle. 
The vesicular transport on secretory pathways is mostly mediated 
by microtubules and the corresponding motor proteins ( 

). In case of MHV it was shown that the early secretory 
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Fig. 5. Quantification of released infectious virus particles in mock-treated and NOC treated cells via plaque assay. TGEV infected ST cells, NOC treatment at different time 
points before, while or after infection (a). TGEV infected HypNi/1.1 cells, NOC treatment after infection (b). TGEV infected PipNi/1 cells, NOC treatment after infection (c). 


(n=3); *p<0.05; **p <0.01; ***p <0.001. 


cell lysates virus particles 


Fig. 6. TGEV particle assay 18 hpi. Detection of viral spike (S), nucleocapsid (N), and 
membrane (M) proteins in cell lysates and pelleted supernatants of TGEV- or mock- 
infected ST cells. Cells were either treated with NOC (50 pg/ml), DMSO or medium. 
Virus particles were concentrated by ultracentrifugation; n=3. 


pathway is important during the formation of the replication 
complex (Knoops et al., 2010; Oostra et al., 2007; Verheije et al., 
2008). For the release of infectious progeny the incorporation of 
CoV S proteins into virus particles during assembly is required. 
Information about cellular factors interacting with coronaviral S 
proteins during transport and assembly would be important to 


understand the virus infection process. 

In this study we searched for interaction partners of the last 
39aa stretches of TGEV, HCoV NL63 and 229E S cytoplasmic do- 
mains (all containing a tyrosine-based motif). Four different tu- 
bulin alpha and beta chains (TUBB2A, TUBB4A, TUBB6 and TU- 
BA4A) were detected to interact with TGEV-S and human CoV- 
229E-S. Regarding HCoV NL63, only an interaction for TUBB2A was 
noticed. Either NL63-S-39aa-GFP-NT does not bind certain tubu- 
lins or just with low affinity. A destroyed or impaired binding of 
NL63-S to some tubulins due to the GFP-tag could be possible as 
well. Nevertheless, the negative results for NL63-S demonstrate 
that the S tail of the coronavirus S proteins is not interacting with 
tubulins due to a sticky unstructured peptide conformation but 
due to a specific binding to tubulins. 

For many viruses a close association with cytoskeletal elements 
was shown (Luftig, 1982). Adenovirus type 2 and 5 particles as well 
as reovirus particles interact with microtubules (Babiss et al., 1979; 
Luftig and Weihing, 1975; Miles et al., 1980). Poliovirus and newly 
synthesized viral RNA of Simian virus 40 are associated with actin 
filaments and intermediate filaments (Ben-Ze'ev et al., 1981; Lenk 
and Penman, 1979). An interaction is likely necessary for initial 
infection, transport of viral components as well as for the assem- 
bly of new viral particles (Hsieh et al., 2010). Moreover, tubulin 
was already found packaged into virions of Epstein-Barr virus, 
human cytomegalovirus, and murine leukemia virus (Johannsen 
et al., 2004; Varnum et al., 2004; Wang et al., 2003). For several 
viruses like adenovirus, African swine fever virus, canine parvo- 
virus, herpes simplex virus as well as lyssavirus and rabies virus an 
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interaction either of the whole virus capsid or of single viral pro- 
teins with cytoplasmic dynein was examined (Alonso et al., 2001; 
Douglas et al., 2004; Jacob et al., 2000; Kelkar et al., 2004; Raux 
et al., 2000; Suikkanen et al., 2003; Ye et al., 2000). Viruses may 
have evolved microtubule-binding motifs or similar amino acid 
sequences complementary to motifs in dynein for successful in- 
teraction (Leopold and Pfister, 2006; Pasick et al., 1994). An in- 
direct interaction of S proteins with tubulin via motor proteins like 
dynein or kinesin may be a possible scenario for coronaviruses as 
well. 

In transfected as well as in infected cells coronavirus S protein 
was scattered throughout the cell after NOC treatment. The same 
was shown for expression of TGEV M protein. The difference in 
localization of S and M protein after NOC treatment indicate a 
difference in interaction with tubulin. It is possible that one or 
both viral proteins interact in an indirect way with tubulin via 
other cellular proteins. The redistribution of the compartment 
markers for ERGIC and Golgi shows a dependence of these two 
marker proteins on tubulin as well in a direct or indirect manner. 
This phenomenon demonstrates that it is not possible to exclude 
that the viral S and/or the M protein interact with cellular proteins 
that themselves are dependent on tubulin. Nevertheless, our ex- 
periments visualize that S and M use different modes of interac- 
tion and that this leads to a regular incorporation of M protein into 
viral particles even under NOC treatment but to a strong reduction 
of S protein incorporation into viral particles. A redistribution in 
NOC treated cells was already shown for different viral proteins, 
like Crimean-Congo hemorrhagic fever virus nucleocapsid protein 
(Simon et al., 2009) or herpes simplex virus 1 capsids (Sodeik 
et al., 1997). In the two tested chiropteran cell lines (HypNi/1.1 and 
PipNi/1) similar results as for S-transfected or TGEV-infected ST 
cells were obtained. Also here, a redistribution of the S proteins 
only in NOC treated cells as well as less released infectious virus 
particles compared to DMSO treated cells were noticed, suggesting 
a conserved viral strategy to use the host for its own advantage 
during replication. Due to the assumption that many human and 
animal CoVs originated from bats and that most eukaryotic cells 
contain microtubules, a conserved microtubule-dependent CoV 
replication strategy is likely. 

Furthermore, we demonstrated that NOC leads to a reduced 
amount of released infectious virus particles. Less virus yield after 
cytoskeleton disruption was already shown for moloney murine 
leukemia virus and vaccinia virus (Payne and Kristensson, 1982; 
Satake and Luftig, 1982). To find out which step during the TGEV 
replication cycle is mostly influenced by the interaction of S with 
tubulin, cells were drug-treated at different time points (before, 
while, or after infection). A significantly lower virus titer in the cell 
culture supernatant of NOC treated cells compared to untreated 
cells was detected, whereas no differences in viral titers con- 
cerning the various time points could be observed. CoVs uses the 
host secretory pathway to be transported from ER-to-Golgi appa- 
ratus as well as during virus assembly (Knoops et al., 2010; Oostra 
et al., 2007; Verheije et al., 2008; Vogels et al., 2011). An impaired 
transport of viral components and an affected assembly of S pro- 
tein into newly generated virus particles may explain the decrease 
in virus yield. For MHV, microtubules are important for neuronal 
transport, replication and viral spread (Biswas and Das Sarma, 
2014). Also here, a reduced efficiency of viral infection was ob- 
served by using microtubule disrupting drugs (Biswas and Das 
Sarma, 2014). TGEV was able to enter the cells in the absence or 
presence of NOC, it was able to replicate and to egress but the 
infection was less efficient regarding the amount of newly formed 
infectious virions. Due to the fact that depolymerized micro- 
tubules did not inhibit TGEV infection completely, virus compo- 
nents have to use other pathways for trafficking beside tubulin 
filaments to finish their replication cycle. An actin-dependent 


strategy for virus movement could be possible (Cudmore et al., 
1997; Lanier and Volkman, 1998; Sanlioglu et al., 2000). However, 
lower virus titers may correlate with the differentially distributed 
S protein in NOC treated cells, too. Actually, S accumulates near the 
ERGIC where it interacts with the M protein to be incorporated 
into newly assembled virions (Nguyen and Hogue, 1997; Opstelten 
et al., 1995). When microtubules are depolymerized S proteins as 
well as the ERGIC and Golgi compartment are scattered through- 
out the cell. Due to the diffuse distribution of S and the two 
compartments which are important for successful TGEV assembly 
less interaction of viral proteins during assembly may be possible. 
An impaired transport of virus particles from the Golgi compart- 
ment to the plasma membrane due to NOC treatment may also be 
a reason for lower viral titers. Concerning this matter, a less or- 
ganized cytoplasm with dispersed Golgi stacks in NOC treated ST 
cells was already shown by Risco et al. 1998. TGEV virions were 
seen in these disrupted Golgi stacks whereas only a few were 
detected on extracellular surfaces (Risco et al., 1998). A reason may 
be a microtubule-dependent transport of vesicles between the 
Golgi compartment and the plasma membrane (Risco et al., 1998). 
To find out if S incorporation into virions is influenced by NOC 
treatment, virus particles were concentrated out of the super- 
natant of NOC-treated infected cells and compared to mock-trea- 
ted cells. In this case, the amount of S protein was similar in DMSO 
and NOC treated cell lysates, whereas S protein quantity was 
strongly reduced in pelleted virus particles when infected cells 
were treated with NOC. This fact fits to the calculated smaller 
amount of released infectious virus particles measured in drug 
treated cells. The minimal requirements for assembly of virus like 
particles is the expression of TGEV M and E structural proteins 
(Vennema et al., 1996). The amount of M and N protein in released 
virus particles presented in Fig. 6 revealed nearly no variation after 
NOC treatment. This demonstrates that coronavirus assembly in 
general is not disturbed by depolymerization of microtubules. 
Thus, the reduction in virus titer is mainly caused by the fact that 
less S protein is present at the assembly site (due to impaired S 
protein transport) and/or that the incorporation process of S itself 
into virions is tubulin-dependent. 

Our results show that Alpha- and Betacoronavirus S proteins 
interact with the charge-rich region of their cytoplasmic domains 
with tubulin beta chains. An interaction with microtubules facil- 
itates TGEV replication and infection efficiency but the depoly- 
merization of microtubules did not inhibit it completely. Thus, an 
interaction of S with tubulin supports an efficient generation of 
infectious virus progeny. 
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